The analysis of protein structure using secondary structure line segments has been widely used in many structure analysis and prediction methods over the past 20 years. Its use in methods that compare protein structures at this level of representation is becoming more important as an increasing number of protein structures become determined through structural genomic programmes. The standard method used to de®ne line segments is to ®t an axis through each secondary structure element. This approach has dif®culties, however, both with inconsistent de®nitions of secondary structure and the problem of ®tting a single straight line to a bent structure. The procedure described here avoids these problems by ®nding a set of line segments independently of any external secondary structure de®nition. This allows the segments to be used as a novel basis for secondary structure de®nition by taking the average rise/residue along each axis to characterise the segment. This practice has the advantage that secondary structures are described by a single (continuous) value that is not restricted to the conventional classes of a-helix, 3 10 and b-strand. This latter property allows structures without``classic'' secondary structures to be encoded as line segments that can be used in comparison algorithms. When compared over a large number of pairs of homologous proteins, the current method was found to be slightly more consistent than a widely used method based on hydrogen bonds.
Introduction
The analysis of protein three-dimensional structure often involves the representation of structures in a simpli®ed form. This allows the structure to be appreciated more easily by visual inspection and can lead to considerable savings in computation when many structures are analysed. The degree of simpli®cation must be made with care: too much, and important details can be omitted; too little, and ef®ciencies will not be gained. The type and degree of simpli®cation also depends on the aspect of structure being studied, in ths work, the central aspects addressed will be the overall fold of the protein and the analysis of secondary structures. Both of these are central to the comparison of protein structures and to their classi®cation.
Secondary structure line-segments
One of the most frequently used simpli®cations of protein structure is to represent secondary structures as line segments 1, 2 and, although some sophisticated alternative schemes have been devised, 3 the most common method is to ®t a least-squares line to the a-carbon atoms of each secondary structure element. 4 This introduces a great saving in structural description without a signi®cant loss of detail. The information that is discarded is the phase of the helix or strand relative to the rest of the protein, along with any minor distortions (kinks, bulges or bends). The line segments can then be connected with loops represented with different degrees of detail that can range from the full a-carbon trace, through increasing degrees of smoothing to the situation in which the link between secondary structures is represented only by an abstract line or curve.
This economy of description has resulted in great savings in computational time in various structure comparison methods. In general, the number of points is reduced by tenfold and for algorithms that typically require execution times with cubic or quadratic-order dependency on the number of points, then savings can be considerable. 5 Consequently, it is at this level of represen-tation, at which greatest simpli®cation has been achieved with least loss of structural information, that it is convenient to gain an overview of the full range of protein structure and to devise ways in which it can be systematically represented and compared.
Problems with current criteria
One of the problems that bedevils the analysis of protein structure at the level of secondary structures is to ®nd a robust automatic de®nition of secondary structure. Dif®culties arise because trivial differences at the atomic level can propagate upwards to become obvious differences at the higher level of representation. A difference of as little as a fraction of an A Ê ngstro È m unit in the position of a main-chain hydrogen bonding group might lead to the failure of an algorithm to recognise a potential hydrogen bond. This might then leave a b-strand (on the edge of the sheet) to be too short to be incorporated into the sheet, which could lead to a secondary structure representation with one less element between otherwise identical proteins.
One of the advantages of a manual de®nition of secondary structure is that experts can``gloss over'' these minor abberations and tend to make a more regular or``tidy'' de®nition of secondary structure. While good for an overview, if one is analysing disruptions in secondary structure then this is not a very useful approach. To minimise these dif®culties, automatic methods tend to have a¯exible de®nition of hydrogen bonding, and tend to base their de®nition on larger-scale structures, such as hydrogen bonded ladders (as in as the DSSP program 6 ), so giving some degree of robustness. Differences in methods can also be partially overcome through taking a consensus de®nition 7 but, if possible, a single robust method is preferable.
A further problem, not well dealt with either`b y eye'' or automatically is in deciding what the secondary structure is when there are only a few hydrogen bonds involved. This might seem to be simple, since the hydrogen bonds are discrete: progressing through the various helices of 3 10 , a and p in steps of one residue in the nearest bonded neighbour. However, consider the pathological example in which each of the three helix types follows in progression (Figure 1 ). On the fourth residue, the three different helix types overlap each other and, while this information can be recorded (as in the DSSP program), it cannot be simply encoded in a single-string representation.
Finally, relying purely on the secondary structure line segments can result in too great a loss of information for structure comparison. The most extreme situation being when a protein does not contain any secondary structure. In less severe situations, however, large loop regions can be ignored that might well contain characteristic structure that would help in comparison. These can include linear elements (such as the pathological helix in Figure 1 ) or fully extended segments that have not been de®ned as b-structure because they lack hydrogen bonding partners.
Outline of the work
The following work describes the development of a simple geometric method to avoid some of the problems described above, while retaining a working de®nition close to what would be de®ned by an expert. The method differs from previous approaches in that the line segments become the primary data elements and can then be used to de®ne secondary structure. By contrast, previous approaches have used secondary structure de®-nitions to specify the line segments. The most important consequence of this approach is the de®-nition of a continuous range of secondary structure, characterised only by the spacing of the residues along each segment.
Procedures Line segments

Line segments from inertial axes
The axis of a secondary structure is typically taken as the line with minimum deviation (leastsquares) from the a-carbon atoms and this can be found as the principal axis of the equivalent inertial ellipsoid{. 4 More generally, if the size of the three inertial axes are given by A, B and C (in descending order), then for a good linear structure, the ratio (r):
will be large. This ratio can be calculated for all segment sizes at all residue positions and the problem is then just to ®nd the optimal combination of segments.
To make the calculation more equivalent over b-stands and a-helices, the protein structure was initially smoothed by averaging successive triples of a-carbon atoms, as described. 8 Two cycles of smoothing were needed to reduce a-helices and b-strands to roughly linear segments with { The three inertial axes of a set of points (with unit masses) are orthogonal, passing through the centre of gravity of the point set. For a long thin object like a secondary structure, the axis lying along the most extended dimension will correspond to the smallest moment of inertia. To have the largest axis correspond to the most extended length of the object, the construct of the equivalent ellipsoid can be used which is the (solid) ellipsoid that would have the same inertial properties as the set of points. These values are referred to loosely below simply as inertial axes, and can be found by diagonalising the 3 Â 3 matrix formed from the moments and products of inertia (calculated in the original reference frame). comparable ratios when calculated using equation (1) , resulting in a more``even-handed'' treatment in the further processing of the segments described below. Smoothing also avoids the problem that helices shorter than six residues do not have a unique dominant inertial axis.
No smoothing or inertial ratios were calculated over chain breaks.
Dynamic programming solution
As with many problems that incorporate a linear-ordering constraint, the optimal solution (for a given scoring scheme) can be found by the application of the dynamic programming algorithm. The current problem is similar to the de®nition of trans-membrane segments 9 and to the the optimal clustering of linear ordered objects. 10 In these applications, however, the values (scores) associated with each object are assumed to be additive, whereas the current application is far from this situation. For example, if helical transmembrane propensity is being considered, then the score for concatenating two (identical) helices will be twice the single value. However, the axial ratios de®ned by equation (1) will be quite different, depending on whether one helix extends the other or doublesback.
The basic working construct is a matrix, of which the dimensions are sequence position against window size and, for each of the components in the matrix, the value of the inertial ratio A/(B C) was calculated ( Figure 2 ). Generally, long thin structures will have a high value but so will small structures: indeed, for the trivial case of two residues, the value will be in®nite. To prevent the unwanted solution of a series of very short segments, a minimum segment size of ®ve residues was imposed. Trials were then made, which indicated that the required normalisation for larger segments lay somewhere between a factor of the segment length and its square. However, when tested in the fully developed method (as elaborated below), no simple polynomial normalisation could reproduce the observed distribution of segment lengths simultaneously in a and b structure. This problem was overcome by assigning to segments Linear Segments in Protein Structure the sum of the values of all their sub-segments. De®ning the window at residue m to encompass residues m À w to m w (that is a window of size 2w 1), then:
where s designates the summed scores and r is the raw ratio of the inertial axes for the current window (w) on residue m. The subtraction of the terms aw and c in equation (2) prevents the summed score from increasing monotonically with window size. They are somewhat equivalent to the use of the two gap-penalties in sequence alignment, with c being a constant penalty and a controlling the increase of the penalty with segment size. The sum in equation (2) can be calculated more ef®ciently by reassigning the values in the matrix as:
and recursively summing these with the summed values below it in the score matrix:
The ®nal term is the subtraction of the overlap of the two adjacent sums on m À 1 and m 1. It should be noted that the construct of a window with a central residue allows only segments with odd numbers of residues. However, given the resolution of the model, this was not considered a serious problem compared with the complications of asymmetry introduced into the algorithm by considering even-numbered segments also. As a bonus, calculation time is halved.
The choice of a and c in equation (2) controls the typical segment size: if these are zero, then one big segment will be obtained, dropping through a series of shorter segments with increasing a and c. This can be seen in the example in Figure 3 , in which a bent helix can be de®ned as either one or two segments.
Algorithmic details
The two segments selected in Figure 2 (b) (centred on residues 8 and 20) are the obvious choice, as each corresponds to a local maximum in the summed scores (58 and 341, respectively). While not completely coincidental (as the two segments form a b-a hairpin), it can easily be imagined that the ®rst local maximum could lie closer (say, on residue 9) or require a bigger window; if this were so, then the selected segments would overlap. To avoid this unwanted situation, the algorithm``looks'' from one point, only to other segments where such a situation would not arise. In Figure 2 In the later application of the method, it was considered desirable to have an unassigned position between segments giving the modi®ed inequality: (2)). In the region of variation, the segment differences are emphasised using a thick line representation. (a) Using the default parameters a c 1, a long helix is broken into two parts. (b) With a 0.5 (c 1), a longer (slightly kinked) helix is selected.
Under this condition, the locally optimal score for segment 1 (58 in the current example) cannot now be reached and the next best is to use a smaller window size (scoring 40). However, a better combined score can be obtained by shifting segment 2 to position 21, losing only one unit of score. To consider all such shifts, a matrix of summed scores is compiled that records the best score that can be obtained between the current position, {m i ,w i }, and the start of the structure. This can be stated using a recursive relation:
where the relationship between segments i and i 1 are subject to the condition expressed in equation (4) and s is the score de®ned in equation (2) . It should be noted that at this point a conventional gap penalty could be inserted but it was considered that this aspect is better controlled through the use of the``pseudo'' gap penalty incorporated in equation (2) which controls the overall size of the segments and not the gap between them. The form of this penalty will be further discussed and re®ned below. As in sequence alignment algorithms, a set of pointers is maintained for each {m,w} pair, recording the location of the preceding segment from which they``inherited'' their score contribution. These are then traced backwards from the highest scoring position {m N ,w N }, so giving the set of N highest scoring segments. Unlike some segmentation algorithms, the current method does not require the number of segments to be speci®ed beforehand.
Also as in sequence alignment, rather than search all possible values allowed under equation (4), for each position, a set of maxima can be recorded for each diagonal (``row'') of constant m À w.
Secondary structure definition
Continuous secondary structure types
The above approach parses the protein structure into lines and each line can be characterised by the residue/length (density) or by the length/residue (rise), which is related to the more familiar pitch of a helix{. Either of these measures is effectively a de®nition of secondary structure but, unlike the de®nition of secondary structure based on hydrogen bonds, it is not discreet and it is thus unnecessary to make explicit de®nitions of secondary structure type, so allowing more freedom for ambiguous structures (loops, 3 10 -helices or distorted b-strands) to assume different ro Ã les. Indeed, the problem of the pathological structure described in Figure 1 is resolved, as it becomes identi®ed as a clearly linear segment with a residue rise approximating the a-helix.
Variance weighting
Along with the helical rise, the variation of the residue spacings within a segment was calculated. It was thought that this might provide a useful contribution to the raw score and the following formulation was tested:
where r is the raw score de®ned in equation (2) and s 2 is the variance of the residue spacings along the segment when projected perpendicularly onto their axis. The exponential is a Gaussian function, the``decay'' of which is controlled by the parameter f. Values of f 5, 10, and 20 were tested. Despite the use of variance-based clustering as the principal means of segmentation in other methods, 12, 13 this modi®cation was of secondary importance in the current application. However, the approach has the potential to detect disruptions in regular secondary structure that do not result in a change in direction or even, in the extreme, of a colinear a-helix and b-strand. This latter possibility, however, becomes less likely with the re®ned treatment for b-sheets described below.
b-Sheet definition
The algorithm described to this point will de®ne linear segments and characterise them by their average helical rise. However, it cannot distinguish between an extended segment hydrogen bonded in a b-sheet and one in a loop region. Such a distinction can be made beforehand on the basis of the a-carbon coordinates or afterwards based on the relationship between the line segments. Only the ®rst option will be considered here, as it leads to a more direct parameterisation of the method by keeping the secondary structure and the segment de®nitions distinct.
The DSSP program 6 de®nes b-structure based oǹ`l adders'' of hydrogen bonds between strands using a simpli®ed hydrogen-bond model. Using just a-carbon atoms, it is necessary to consider larger fragments of structure to avoid spurious bonding partners and the current approach is based on that used previously in the de®nition of protein domains. 14 In the current work, however, the slightly smoothed coordinates are used (as de®ned above): this averages over random¯uctuations in the distance between strands and in highly twisted ribbons there are systematic deviations. For example, in the protein 1bet, over the long b-hairpin 77 ± 113, alternate spacings between opposed { The length/residue along the axis is referred to below as the rise (d) and is related to the pitch of the helix as: d p/n, where p is the pitch and n is the number of residues/turn. 11 The helices important in proteins are: p(n 4.4, d 1.0), a(n 3.6, d 1.5), 3 10 (n 3.0, d 1.9) and the 2 7 ribbon (n 2.0, d 2.6).
a-carbon atoms differ by more than 1 A Ê (5.56 AE 0.24 and 4.40 AE 0.25).
A base separation of d 4.7 A Ê was taken as the ideal separation of adjacent a-carbon atoms hydrogen bonded in a b-sheet. Onto this value, an incremental margin of error e was added to allow for increasingly tenuous relationships. All pairs of residues (i and j) with separations less than d e were considered, and those in which the adjacent pairs in the ladder (i 1, j AE 1 and i À 1, j AE 1) were both within d 2e were declared to be bonded. In addition, if three residues are aligned as: j À i À k, then the more relaxed condition (d 2e) was tested for the i,j and i,k pairs and a further relaxation of d 3e was used for the i AE 1 partners.
For each pair of residues identi®ed by these tests, an element in a (symmetric) score matrix (N) was incremented by 1, resulting in high scores for the links between residue pairs most deeply buried in sheets. This range of scores was exploited below in the tuning of the method to re¯ect the observed secondary structure composition of proteins.
Implementation details
Sources
The method described above was encoded in a C language program called STICK. The DSSP program was obtained from the Centre for Molecular and Biomolecular Informatics at KU Nijmegen, the Netherlands{. The PDB ®le de®nitions were extracted using a program written by Andra Âs Aszo Â di.
The STICK program was run on a Pentium III (500MHz.) processor and takes 0.1 second to process a medium-sized protein (200 residues). A copy of the program and the data used in this work can be found on the World Wide Web at{.
RASMOL figures
The stick ®gures of proteins that appear below were drawn using the program RASMOL. 15 The STICK program writes a ®le of the smoothed acarbon coordinates labeled as chain A followed by the end-point coordinates of the sticks (line-segments) labelled as chain B. Both coordinate sets are shrunk by a factor of 0.2 to allow RASMOL to connect the sticks as a single unit using the following script (taken from the¯avodoxin 2fcr) in which a-helices are thickest (120), followed by 3 10 (90), hydrogen bonded b-strands (60) and extended strands (30) 2 /2) to make helices red and strands green.
Text Figures
Some Figures below show the secondary structure de®nitions as lines of text (strings). These have the common format that they begin with the protein PDB code (including chain identi®cation, if any), the number of residues and its resolution (À1.0 indicates an NMR structure). This is followed by the sequence, then four lines of secondary structure de®nitions for (in order) the PDB, a simple RMS ®t} the STICK program and the DSSP de®-nitions. The ®nal line (of numbers) gives the solvent surface areas as calculated by the DSSP program but normalised to a single digit by the function: 9.01exp(ÀaÂaÂ0.0005), where a is the area value normally reported by DSSP. Completely buried residues thus have the value 9 and fully exposed residues (typically over 100 A Ê 2 ) have the value 0.
This data format corresponds to that deposited for the reduced PDB data set with the exception that all lower-case letters used to mark the termini of contiguous structures have been set in uppercase and to avoid confusion with the DSSP symbols, residues in 3 10 and extended conformation have been shown as 3 and e, rather than the H and E symbols used by STICK.
{ http://www.cmbi.kun.nl { ftp://mathbio.nimr.mrc.ac.uk } This measure is the RMS deviation of the distances from three ideal structures (a-helix, b-strand and 3 10 over a seven-residue window, as used previously 16 and is equivalent to a measure used by Richards & Kundrot. 17 
Results
Parameter optimisation
If the linear segments identi®ed by the STICK program are to be used simply for protein structure comparison, then, providing they are not too short or too few, their numbers and length distribution will not be critically important. If, on the other hand, they are to be used for visualisation and de®nition of secondary structure, then they will need to be tuned to match expectations. The most important overall criteria for this are that the secondary structure composition and length distribution of the elements should approximate those derived either automatically or by experts from well-determined structures.
Initial adjustments
From a limited number of test applications of the method, it was apparant that the af®ne gap penalty described in equation (2) was more complex than needed and a simpli®ed form in which c a was used, giving just one variable (a) to be optimised.
Early testing also made it clear that the minimum segment length of ®ve residues was too great for b-structure and a minimum length of three was more desirable. This raised a problem: since for length three, all segments are almost equally linear and short b-strands will gain little score. To overcome this, an exception was made that segments of length three could be de®ned only in regions that had been incorporated into a b-sheet network. Speci®cally, a residue i is in the network if, for any residue j, n ij > 0 (where n is de®ned in Procedures). To bias the segment de®nition towards the most central region of the sheet, the scores for adjacent residues in the b-network were summed and taken as the starting value of the raw score in equation (2):
where n are elements in the b-network. The (natural) log was taken to prevent large b-strands gaining too much score and the parameter b was introduced to control the overall effect of the modi®cation. In summary, the parameter a provides control over the total amount of structure which, in combination with the parameter b and the margin of error e on the de®nition of b-structure, allows the composition of secondary structure to be controlled. The latter two parameters also permit some control over the length distribution of b-strands,
Comparison to standard definitions
The two standard de®nitions that were considered were those recorded in the Protein Structure Databank (PDB) records 18 and those de®ned automatically by the DSSP method. 6 The latter program was used as it is, without doubt, the most widely used method for automatically de®ning secondary structure.
The DSSP method de®nes a variety of helices, turns and sheets, including both a and 3 10 helices as well as residues in b-sheets and those with isolated hydrogen bonds (b-bridges). For comparison with DSSP, b-bridges were ignored and the remining b-residues (designated E in DSSP) were compared with those involved in the sheet network de®ned in Procedures (designated as B by STICK). A distinction was made between helix type in the STICK program on the basis of rise (residue spacing on the axis). An ideal a-helix has a rise of 1.5 residues/A Ê , while a b-strand has 3.1 residues/A Ê and a range between these from 1.7 to 2.3 was taken as 3 10 helix{ (designated H with residues in a-helix segments designated A). These values had been established from the results of early trials to adjust the proportions of the different helices. The remaining segments de®ned by the STICK program (designated E) that were not in the b-network and had a rise greater than 2.3, were treated as`l oop'' regions in the comparisons described below.
Again neglecting turns, the PDB records two types of structure: SHEET and HELIX, with the latter subdivided into a and 3 10 . For comparison with these, the segments de®ned as B by the current method were matched to SHEET, while those designated either A or H (a or 3 10 region de®ned above) were matched with their corresponding helix type. All other regions matched as loop regions.
A simple a-carbon -based secondary structure de®nition method was also considered for comparison. This was based on the distance RMS deviation of ideal interatomic distances, 16 which had been tuned to match the secondary structure composition found in the PDB.
All comparisons between the methods were made as a simple percentage over the four states: a, 3 10 , b and other (as de®ned above).
Data selection
A non-redundant subset of the protein structure databank was used as selected by the protocol described by Taylor (see Appendix II) 16 (and see Higgins & Taylor 19 for further details) on the PDB entries found on 10 August 2000. This resulted in selection of 2237 entries that did not share any sequence similarity greater than 60 % identity. For { The designation of this region as 3 10 helix is only a convenient shorthand, as the range of rise encompasses a wider variety of structure from distorted a-helix to highly twisted strands. Similarly, the term``rise'' is also a convenience, as these sub-structures are not necessarily internally hydrogen bonded or even helical.
Linear Segments in Protein Structure the current purpose, this set was further reduced by discarding all NMR structures and all X-ray structures with greater than 3.0 A Ê resolution. In addition, all PDB entries that did not contain a de®nition of secondary structure were discarded.
Initial trials revealed some extreme disparities between the PDB de®nitions and the automatic methods that could not be accounted for as simple deviations between the different methods. Most of these derived from mis-annotation in the PDB data: such as all b de®nitions omitted for one chain (1cznA), declaring a single helix over almost the entire structure (1swgC) or encoding the wrong type of helices for an all-a protein (1aa0). Where possible, a different chain was selected with the correct annotation, otherwise the protein was omitted. This left 1685 structures (incorporating over 430,000 residues).
Composition and length matching
The method was applied to the reduced PDB data set, and the parameters a and e adjusted to produce de®nitions that matched the secondary structure composition calculated by the DSSP program on the same data set. This was done for different values of the parameter b, and, with a few cycles of iteration, the composition produced by each parameter set could be matched to the DSSP composition to within a fraction of a percent across all the structure types ( Table 1) .
The parameter b (which gives a score-bonus to b-strands) was found to have a more complex effect on the shape of the distribution than expected when varied under constant secondary structure composition. With no bonus (b 0), strands shorter than ®ve residues were not found. Increasing b led to the growth of strand numbers in this range, reaching a peak at b 1.5, after which their numbers decreased as larger strands gained relatively more score. With a value of b 1.5, the peak in the b-strand distribution had slightly more strands in the three or four residue range relative to the ®ve or six residue length range, which was similar to that observed in both the PDB and DSSP distributions (Figure 4(b) ). This degree of match was quanti®ed as an RMS deviation from the frequencies of the PDB strand distribution (chosen because of the low number of strands with less than three residues). The values are given in Table 1 and indicate b 1.5 as the preferred value.
Analysis of length distributions
The distribution of the lengths of a-helices showed greatest deviation for small helices: with a large number (1400) of single turn helices (three or four residues) being de®ned in the DSSP records and, of course, none with the current method (as they were disallowed). The number found in the PDB was intermediate. These disparities converged, with the frequency of helices up to ten residues being closer in all three methods. Beyond this, the DSSP and the PDB distributions decreased together, while the current method continued to a maximum around 11 or 12 residues before fallingoff in a similar manner (Figure 4(a) ). This extended peak would be expected in compensation for the loss of very small helices (since the distributions have equal area under the curves). The a-helix distribution was largely unchanged by the parameter shifts described in Table 1 . A further difference could be seen in the region of large helices, where the PDB and DSSP declared helices as large as 82 and 80 residues, respectively, while the largest found by the current method was 49 residues. These large helices, however, have marked super- The percentage composition is tabulated for a-helix, b-sheet and 3 10 helix. The STICK program is compared to three reference methods: PDB (Protein Data Bank), the DSSP program and a simple RMS method. The STICK program was tested with different parameter combinations, two of which were used to match the overall composition (a) and the proportion of b-sheet (e). The upper set of results monitors behaviour when changing the parameter b (which affects the length distribution of b-strands) and an RMS deviation from the observed (PDB) distribution is given under b-Fit. The lower set of results ({) monitors the introduction of variance weighting under control of the parameter f. (A high f encourages segments with a more homogeneous rise). The bottom line ({) gives the composition using the re®ned limits for 3 10 twists and cannot be expected to be represented by a single straight-line segment{.
The distribution of the lengths of the b-strands again showed marked differences in the shortest lengths, where the DSSP method had 2500 strands of length less than three compared to none for the current method (where they are forbidden). At these lengths, however, the current method was in closer agreement with the PDB de®nitions, which had less than 600 strands in this length range. All the distributions peaked around ®ve residues and dropped off to almost zero by 15 residues. Beyond this, the PDB and DSSP de®nitions allowed strands up to 48 and 34 residues, respectively. As with the long helices, it would be unreasonable to expect these twisted structures to be ®t by a single line segment and the longest strand found by the current method was 19 residues. The loss of strands at both the low and high length ranges again led to a broader shoulder on the upper edge of the b distribution (Figure 4(b) ).
Agreement in assignments
The agreement between the structure assignments of the three methods and a simple RMSbased method were compared. This was made on a simple count of the correctly matched structures over the three secondary structure types and the unassigned (other) class. The results for these comparisons are shown as percentages in Table 2A .
The values show that DSSP is in good agreement with the PDB de®nitions at 91 % accuracy, while the STICK program falls 10 % behind this: agreeing with the PDB at 81 % and 82 % against DSSP (Table 2A) . This is better than the simple RMSbased method, which has around 76 % agreement to all the others. Some degree of difference in the STICK de®nitions would be expected to arise from its distinct treatment of very large and very small segments, including the enforced gap between structures and the odd number of residues in all segments.
Analysis of PDB deviations
A worrying aspect seen in these results was the low level of agreement seen in the worst examples. The greatest difference found was between the STICK method and the PDB in the protein 2hntE at 38.8 % (Figure 5(a) ). Examination of these assignments, however, revealed a protein composed of deeply interacting chains. The extraction of one of these chains (E) had left exposed strands with no hydrogen bonding partners. Calculation of the secondary structure using the full structure produced a much better agreement with the PDB de®nitions ( Figure 5(b) ).
The next worst agreement was with the small protein 1brfA, where the differences in assignment were independent of any wider context. In this protein, the STICK program assigned a hairpin loop as -BBB----BBB-against the de®nition ----333----(a type III b-turn) found in both the PDB and DSSP (Figure 6(a) ). The same situation is found again in the homologous protein 1iro (Figure 6(b) ) (0.45 RMS deviation over 52 a-carbon atoms with 58 % residue identity against 1brfA), and despite both structures being solved at high resolution (0.95 and 1.10 A Ê ), the PDB de®nition omits one strand from 1iro (Figure 6(c) ). { Some apparently long structures in the PDB are simply multiple secondary structures with no break (unassigned residue) between them (e.g. 1ppf). These were identi®ed in the PDB records and encoded in the simple string format by starting and ending all secondary structures in the lower-case form of their identifying letter. This encoding device did not affect their comparison or counting.
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Neglecting further``worst'' cases that fall into the above categories (such as 1cksC and 2kinB) leads to 1hcnA in which both DSSP and the current method agree that a b-hairpin has been omitted from the PDB de®nitions. This is followed closely by 1h2rS (with 58.4 % agreement), where the main differences now derive from differing de®nitions of a and 3 10 helices.
Analysis of DSSP deviations
The largest deviation between the current method and DSSP was found in the small b protein 1msi at 54.5 % agreement. The structure consists of a b-sandwich of three-on-three strands, two of which were identi®ed by DSSP and four by the current method. Following this (at 62.2 %) was 1h2rS, also for the reasons discussed above. As with the current method, DSSP clearly cannot de®ne b-strands when the hydrogen bonding partners are in another chain, so the errors of this type discussed above apply also to DSSP. Neglecting these structures (including 1hcnA), the remaining worst structure was 1fna (60.4 %), which derived from an over-zealous de®nition of b-structure in the PDB ®le. As this level of error was approaching that observed previously, 7 no further examples were pursued.
Variance weighting
Adjusting the weight
Among some of the examples discussed above (and others not mentioned), conformations were encountered in which an a-helix was followed by a colinear extended region of chain. For example; in Figure 5 , towards the C terminus of the protein 2hntE, the STICK program ®nds a segment with an average rise in the 3 10 region where all the other methods ®nd a shorter a-helix. This was corrected when the full (multi-chain) structure was considered, but this occurred only``by chance'' as the, now more dominant, C-terminal b-strand encroached on the space of the 3 10 segment. Although uncommon, these isolated examples provided the motivation to test the variance weighting scheme described in Procedures. In short, this feature down-weights the score attained by segments as a function of the variability in their rise (residue spacing) along the axis.
The parameter f in equation (6) was tested for values of 5, 10 and 20 under constant secondary structure composition (maintained by adjusting the parameters a and e). The parameter b was set at the ®xed value of 1 (Table 1) . For the higher values of f, the distribution of b-strand lengths narrowed towards a sharp peak in the six or seven residue range, which was largely unaffected by variation of b. This was accompanied by a loss of longer strands and the overall change can be explained by the splitting of longer strands into two (or more) parts to exclude distortions (such as b-bulges), resulting in a more homogeneous rise within each remaining segment. With f 5, this tight distribution was avoided and the ®t to the PDB distribution (as measured by the b-®t value in Table 1 ) was as good as before.
With this change, the situations encountered previously, such as 2hntE, were now corrected, as can be seen from Figures 5(c) and 7 .
Refining helix definitions
Introduction of variance weighting affected the balance between the two types of helices, with 3 10 helices being identi®ed less, relative to the more regular a-helices. To investigate this change, along with the general degree of variation, the rise of each segment was plotted against its standard deviation (Figure 8 ). Upper-right triangle: average percentage agreements per protein for the match of secondary structure over four states (a, b, 3 10 
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Looking across the full range of variation and rise values (Figure 8(a) ), two dominant clusters are apparent around d 3 and d 1.5, corresponding to the main regions of b and a structure, respectively. Between these regions, a more minor cluster can be seen, corresponding to the rise of the 3 10 helix (1.9). The region taken above to``capture'' the 3 10 helices (1.7-2.3) clearly spans this cluster and, indeed, might even be narrowed. Such a re®nement would further shift the balance in the composition towards the a-helix, however, with the large number of short 3 10 helices de®ned in both the PDB and by DSSP, it is unrealistic to expect this balance to be maintained by the current method. Furthermore, as the only purpose in matching the composition was for comparison to the PDB and DSSP, there is no reason for it to remain as a constraint on the STICK program.
A frequency plot of the rise values was made to establish new limits for the 3 10 region and in the more accurate region (0-0.2 s) this showed two minima, one either side of the 3 10 region at 1.75 and 2.20 A Ê /residue. These were taken as the new limits in all further calculations and the balance of composition was adjusted to give values for a and b that matched the DSSP composition. The slightly altered compositions resulting are shown in Table 1 , where it can be seen that about 1.5 % of 3 10 structure has been lost. The agreement with the other methods was also improved also by about 1.5 % using the variance weighting with the new 3 10 limits (Table 2B ).
In the b region, distinguishing between the B (bonded) and E (extended) states revealed that the latter was slightly less regular (virtually no segments with s < 0.1) with the bulk of its distribution lying below the ideal b-strand rise of 3.1 A Ê / residue. However, the two distributions have considerable overlap, as the E state contains a large number of``true'' b-strands that are found to be bonded only when the full multi-chain and multimeric state of the protein is considered. (Figure 8(b) ).
Variation with resolution
Using the variance weighting (and the new limits established above for 3 10 helices), an analysis was made over sets of structures grouped by atomic resolution. The number of structures determined by NMR in the reduced PDB was taken as a convenient class size and the remaining structures were grouped by resolution to give roughly equal numbers in each class. The results across each resolution class show almost no variation in the crosscomparison between the three main methods ( Table 3) .
The worst agreements, however, are found in the class of NMR structures. Lowest among these is the apokedarcidin protein 1akp (42.1 % PDB/ STICK agreement) which stems from the atypically large spacings between b-strands in this structure. Similarly, the low score for 1pmr (50.0 % DSSP/ STICK agreement) results from a failling by DSSP to pick up the bulk of the b-structure. Among the other poor scoring proteins are 1ocp and 1qdmA, both of which have reasonable agreement between the STICK and DSSP programs and appear as a result of``unconventional'' PDB structure encodings. An unusual example can be found in the NMR structure 2tmp, in which the PDB and DSSP agree 100 % but only at 54.3 % with the STICK de®nitions. Examination of these de®nitions suggest that the STICK program has probably made the more reasonable de®nitions (Figure 9 ), while it must be assumed that the PDB de®nitions were taken directly from DSSP. If this practice is common, it could explain part of the better than average agreement between DSSP and the PDB.
Consistency between homologues
While the de®nitions of the current method differ systematically from those of DSSP and the PDB, a test of quality that is independent of these biases is to ®nd how consistent the de®nitions of the methods are across members of homologous families. The break-down of the agreement of the three main methods across different resolution classes shows that no particular degree of resolution contributes more to the overall agreements. The more extreme deviations were, nonetheless, found in the structures determined by NMR. For each resolution range, the number N of structures in each class is followed by data for each pairwise comparison of the methods. Within each group, the average level of agreement is given followed (in parentheses) by the worst example and the PDB code for the protein responsible.
For this, the alignments were taken from the HOMSTRAD collection, 20 and all pairs of proteins within one family were compared using both the DSSP de®nitions and those of the current method. The percentage agreement between the secondary structures of each of the 4365 pairs of proteins as calculated by the current method was compared with the corresponding value calculated by DSSP. Although a clear trend could be seen indicating that there is better agreement in secondary structure de®nition using the STICK method, the improvement is relatively small compared to the observed variance.
Discussion
Summary of the results
The method developed in this work has addressed the problem of how to decompose a protein structure automatically into a series of line segments. Where previous approaches have started with a de®nition of secondary structure (on which line segments are then based), the current method takes the de®nition of line segments as the principal element of structure and investigates how they relate to secondary structure. 
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The basic method requires just a-carbon atoms and has only one key parameter (a in equation (2)), which controls the average size of the structural segments. This was modi®ed by giving a small boost (b in equation (7)) to``encourage'' the selection of shorter b-strands, which were in turn de®ned from the a-carbon atoms with just one adjustable parameter (e in Procedures). Together, these three parameters gave suf®cient freedom to control the composition and, indirectly, the length distributions of the main secondary structure types. A minor contribution was ®nally introduced to improve the regularity within each selected segment (controlled by the parameter f in equation (6)).
The results obtained above have shown that with only these few adjustable parameters, line segment de®nitions can be obtained that correspond closely to the conventional de®nitions of ahelix and b-strands, reproducing both the observed composition and length distributions. The latter deviate only for the shortest and longest segments, with the difference in short segments arising because they were avoided speci®cally by the current approach, while the longer secondary structures were often``broken'' by the STICK method into shorter (more linear) subsegments.
Continuous secondary structure
By considering the rise of the residues along the line segment as an indicator of secondary structure type, the STICK program is not constrained to de®nitively assign each segment as a, b, 3 10 or extended. This should prove to be useful in protein structure comparison (and threading) in which a segment of ambiguous type will retain the ability to be matched against different secondary structure types in a comparison program.
This property can be extended to structures that have few or no conventional secondary structures. For example, the structure of the HIV-1 transactivator protein (1tiv) has no secondary structure de®ned in the PDB or by DSSP, yet the STICK program ®nds a variety of linear segments (Figure 10 ), all of which would provide a basis for comparison with other structures.
The de®nition of a consistent set of secondary structures between homologues has implications both for protein structure comparison and for secondary structure prediction. In comparison methods, it might be expected that a more consistent set of de®nitions would provide a better basis for matching, especially, if combined with the added (continuous) range of structure and their ¯exible matching outlined above. This aspect will be investigated elsewhere.
The current method need not be restricted to structural data but could similarly be used to segment (or parse) predicted secondary structurè`p robabilities'' in such a way that the expected composition and length distributions would result. This would provide a function similar to that played by the second (post-processing) layer of neural-nets in the PHD prediction program. 21 
Structure quality control
One of the less automatic components of the work described above was dealing with the manỳ`u nusual'' de®nitions of secondary structure found in the PDB. It would be useful to perform such checks at an earlier stage of the analysis; ideally, when the structures are initially deposited in the PDB. Such a check might be made adequately using the DSSP (or similar) program. However, with low-resolution structures or structures determined by NMR, it was found above that DSSP does not always perform well on this quality of data ( Figure 9 ) and does not perform at all on structures that have only a-carbon atoms. As more structures are determined by high-throughput automatic methods (as proposed for structural genomics programmes), it will become increasingly important to have a robust method for secondary structure assignment.
The ability to work on just the a-carbon data should prove to be useful when assessing rough models that might have resulted from molecular modelling or from ab initio methods. 22 This ability would allow such structures to be compared quickly to a collection of native structures represented as stick structures. 23 In addition to the possibility of providing an initial check on secondary structure de®nitions, the STICK program will be used immediately as one of the criteria in the selection of a reduced set of PDB structures, giving a preference to chains and structures that have consistent de®nitions. This will augment other criteria, such as resolution, chain-breaks and average B-value used at present. 24 Chains, multimers and domains A problematic aspect of protein structure that was encountered in this work, but not dealt with, was the differing de®nitions of secondary structure that arise depending on the segment of chain that might have been extracted from the full crystal structure. As was seen with the structure in Figure 5 , this can make a dramatic difference to the conventional de®nitions. In this situation, the STICK program is rather more robust than a hydrogen bond-based method, as it will at least ®nd an extended segment in the position of an isolated b-strand, where, by contrast, DSSP will ®nd no structure.
Ideally, it would be better if secondary structures were de®ned in the context of the full crystal structure, including all multimeric components with both exact crystallographic and pseudo-symmetry.
Conclusions
The method presented here has found an acceptable solution to the problem of decomposing protein structures into line segments. This problem has been a source of dif®culty in many types of analysis, from early studies aimed at structure prediction, 2, 25, 26 through the use of secondary structure segments for fast structure comparison 27 ± 29 to their current application in the classi®cation of protein structure. 30 The solution developed above gives a practical approach to the segmentation problem and provides an alternative viewpoint on the de®nition of secondary structure that is more¯exible than the conventional hydrogen bond-based approaches. Through the pursuit of the potential applications of this new approach (outlined in the previous section) it is hoped that new and improved tools for protein structure comparison and even protein sequence threading might be developed. With the large number of structures about to be solved by structural genomics programmes, such tools will require the speed that is made possible by reducing protein structures to line segments. Finally, it is hoped that the greater¯exibility and richer description of line segments in the current method, combined with greater consistency, will allow sensitivity to be retained. 
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